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Modulation Methods for
Multi-Station Satellite
Communication Systems w..wricHr,s.

For the fiest experiments on communication by sateliite, wide
devigtion FM has been used, This is partly becouse of the
conziderable experience with this tvpe of opergtion on earthly
micrownve radio refay links, and also becouse conventionn!
tefephone channelling equipment uses FOM techniques. Future
satellite communication systems will not necessarlly use these
rechniques (olthough, becousze they would be simply an exten-
gion of conventional systems, there would be much advantage in
doing o). This erticle onelyses and compadres three possible
methods of medulation and hazards some opinions ai to their
relative merits end ahtrchivencss.

1 INTRODUCTION

FUTURE WORKERS in the communication field will surely look back on
the years 1962 and 1963 as two of the busiest in the history of long-
distance radio communication, for during this period at least three active
communication satellites are scheduled for launching and testing. These
are Telstar, Relay and Syncom, the first two being of the medium altitude
equatorial orbiting class and the latter being a 24-hour synchronous
orbiting satellite.

At the time of writing, Telstar has been in orbit for about four months,
during which time experimental transmissions of live television pictures
and of multichannel telephony have been successfully achieved over
trans-oceanic distances. World-wide participation is expected in the
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Synchronous satellites offer formidable advantages, such as fewer
satellites, much simpler tracking, regular scheduling and minimum inter-
ference with other services operating on a shared frequency basis. How-
ever, a fundamental characteristic of the 24-hour synchronous system
is that a one-way trans-global delay of about 0-6 second must be tolerated
—a delay which is large enough to render the circuit unsatisfactory to a
percentage of speakers. Many long circuits, however, would be within
the coverage of one satellite, when this delay would be halved (giving a
two-way delay of 0.6 sec.). This is a figure which is probably acceptable
to the majority of users provided that echoes are adequately suppressed.

The U.K Post Office in their proposal made in May 1961 for a
Commeonwealth/Europe World-Wide Satellite Communication System’
suggest the employment of active, station-keeping, attitude stabilized
satellites in circular equatorial orbits at heights between about 000 and
toooo 0. miles. Representative examples of the 24-hour synchronous
satellite system are seen in the American proposals made, for example,
by the R.C.A, GT.Eand LT.T.

2.1 AREA OF COVERAGE
The service area of a synchronous satellite is about 402, of the earth's
surface, whereas the corresponding figure for a 6 coo-mile altitude satel-
lite is about 25%,. The synchronous satellite must therefore cater for a
correspondingly larger number of ground stations within its cover,

2.2 WORLD TELEFHONE DISTRIBUTION
Because of the unequal distribution of land masses and population aver
the world's surface, it is possible to choose a single synchronous satellite
position which will cover countries in which over 9o%, of the world's
telephones are located. Thus, considerably less than 102, of the channel
capacity need be reserved for interconnection with an adjacent satellite
repeater, as in general the longest calls are the least frequent. In com-
parison with this, the medium-altitude satellite system will require inter-
connection with the next, and the next but one, satellite repeater {i.e,
three streams of trunk traffic will be carried by each satellite). These
three streams, however, are not each of equal volume so that the neces-
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Fig.r. Trunk route diggram for global mediun-altitede satedlite
telecommunications system.
51, 5u, etc. =Station keeping gatellitas in circulor equatorial arbits
[ =Interconnection centrés, located near the Equator

Possible crupk routing is shown by heavy lines. The most direct path hetween A and B, on

opposite side of the globe, traverses 3 repedlers as shown by arrows. Long distance trumnk
traffic might utifize about 20% of the total capacity of each satellite
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sary reservation for trunk working per medium-altitude satellite would
perhaps be twice the percentage figure for the case of a synchronous
satellite. Figs.1 and 2 illustrate this point.

2.7 WORLD TELEPHONE TRAFFIC PATTERN
In any world-wide communication system there is a tendency for the
heaviest traffic to move westward with the sun. This effect is present in
a medium-altitude satellite system as well as in a synchronous system,
although the consequences are different. In the former case there will be
a fluctuation of total traffic demand to a particular satellite from hour
to hour, according to both its relative position to ground communication

Fig.2, Trunk routing disgram for globel synchronouws satellite
felecommunications sy stem.
Si, 53 and Sa= 1 satellites in 24-hour equatorial orbits
Only 7 Interconnection centres are required suitably
located near the Eqaetar

Possible trunk routing is shown by hegyy linés. Only one interconnection cemtre is required
for any circuit. Long distance trunk traffic might otilize obout 10% of sotellite capacity
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centres and also to the relative position of the sun at the time. In contrast
ta this, the synchronous satellite covers the same communication centres
all the time, Owing to its large coverage, there is a tendency for the total
capacity requirement to stay constant, with the sun’s relative movement,
but there will be a traffic movement westward within the coverage arca.
Ideally, the assignment of the tatal channel capacity of a synchronous
satellite between the different centres within its coverage must be
flexible if the satellite is to be kept fully loaded. If this principle of
optimum assignment is realized, the system will more efficiently use the
total channel capacity of all its satellites than could the medium-altitude
scheme. This is only another way of saying that a system employing
12-16 satellites to serve all the ground stations must be more wasteful of
channel capacity than is characterstic of a synchronous system which
employs only three satellites, each of roughly double the capacity of a
single medium-altitude satellite,

2.4 OTHER FACTORS

These three considerations affect plans for the sub-division of the total

baseband allocation, and the choice of modulation system, for the

ground-to-satellive transmissions. A truly flexible system is required, and
this is not limited to being a requirement of the synchronous system
only, for in the course of an orbit a medium-altitude satellite will
experience even more rapid changes, both in numbers of ground stations
engaged and in the number of channels associated with these stations,

Reasonably efficient use of the system capacity requires that blocks
of as few as 12 telephone channels may be allocated o, or removed
from, any ground station assignment at any time.

Other effects associated with the choice of orbit are:

(a) Reduced Doppler shift (near zero) in the synchronous system.

(b) Increased path attenuation in the case of the synchronous satellite
requires ground station and satellite powers of about +3dB with
reference to those of an equal-capacity medium-altitude satellite
system to give equal performance. The great power of the ground
station transmitters will increase the possibility of interference
from synchronous satellite ground stations into other systems, in
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comparison with that existing in the medium-altitude case, and
may encourage the use of modulation methods which give least
interference per unit bandwidth (e.g, wideband modulation tech-
niques which result in energy spreading).

Since the required channel capacity per satellite in the synchronous
system is usually greater than that required in a medium-aititude system,
the satellite transmitter power must be further increased by perhaps
7dB to give an equivalent channel performance. (In the FM-with-
feedback case, this power increase may be avoided at the expense of
widening the occupied RF bandwidth by a factor of approximately /2
times the fractional increase in the number of channels required.)

3 MULTIPLE ACCESS METHODS

In sharing the satellite baseband capacity between the ground stations
in a given area, time division methods are theoretically possible. Schemes
based on this principle would be so cumbersome in practice {on account
of either satellite movement, or of different absolute time delays
betwesn a given stationary satellite and individual ground stations) that
the use of frequency division to separate the emissions of the various
ground stations is vastly to be preferred. In considering FDM schemes,
the single sideband technique scems to offer the simplest and most
flexible arrangement. It is the most economical of all possible modula-
tion systems in the use of radio frequency spectrum.

Automatic transmitted power level and frequency correction of each
ground transmitter may be applied by means of a control link from the
satellite. This will correct for distance variation and for average Doppler
shift, although the Doppler contraction or stretching of the baseband
associated with each ground station emission will still be apparent at
the output of the satellite receiver. The need for Doppler shift correction
of the ground transmitter will, of course, be removed if less efficient use
is made of the RF spectrum by (a) placing sufficiently large guardhands
between the frequency bands allocated to each station, and (b) using a
system of modulation in which either a carrier or reference carrier is
transmitted.
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If one disregards the technical problems and possible equipment
complications associated with the generation of 55B multichannel FDM
telephony signals in the microwave bands at the ground transmitting
sites, there is no doubt that SSB transmission from ground to satellite
offers the most flexible solution to the multiple access problem, The
technical problems, however, are formidable and at present weigh
heavily against the choice of S5B. The achievement of sufficient ampli-
tude linearity, and the provision of continuous Doppler correction for
cach channel, are particularly difficult to solve.

4 POWER AND BANDWIDTH REQUIREMENTS
FOR SATELLITE LINKS

4.1 SATELLITE-TO-GROUND FATH
Since it is more difficult to achieve a given signal-to-thermal noise ratio
on the satellite-to-ground path than on the upward transmission path,
due to increased receiver noise and limited satellite transmitter power
{at present within the range 1= 10W), the former path has been given
prominence in calculations of power and bandwidth requirements for
different modulation systems,

In a former article’ the required signal-to-thermal noise ratio for the
satellite-to-ground path was assumed to be §o dB unweighted in a 4 ke/s
band. Noise contribution due to thermal noise in the other path and to
intermodulation noise in bath paths could reduce this figure to 47.7dB
unweighted in a 4 ke/s band. This corresponds to a total unweighted
noise power of 7 goo pW in a 3.1 ke/s telephone channel, which is the
maximum radio equipment noise allowance recommended by the C.C.LR
over a 2 soo km reference circuit, A 1 200-channel system was con-
sidered, requiring a base-bandwidth of about § Mc/s.

A ground receiving system equivalent noise temperature of 40°K was
assumed, corresponding to an input noise level of —136dBW in a
toMc/s RF bandwidth.

Considering the satellite-to-ground transmission, the bandwidths and
minimum required transmitter powers at orbital heights of 6 ooo miles
and 22 700 miles are given in Sections 1(a), 1(b) and 1(c) of Table I, for
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three systems of modulation, Absolute power levels are about 4 dB lower
than those given in Reference 2, resulting from a corresponding increase
in assumed total aerial gain, this increase being justified by recent im-
provements in the design of large aperture tracking aerials and in attitude
stabilization techniques for satellites,

The transmitter power requirement figures shown apply for any
frequency within the 1—10 Ge/s ‘window ' in the atmosphere, since
constant beamwidth satellite aerials and constant aperture ground
aerials are assumed, Typical frequencies are 6 ooo Mc/s and 4 ooo Mc/s
for the upward and downward paths respectively. Atmospheric attenua-
tion has been assumed to be insignificant at these frequencies for ground
aerial elevations above about 5°. Experience with Telstar has already
shown that this assumption is conservative.

The power and handwidth figures for the satellite-to-ground path,
given in Sections 1(a), 1(b) and 1(c) of Table I, apply equally to two
ground stations loaded with 1 200 channels or to the multi-station case,
since the same method of transmission from the satellite is used in both,

An examination of the required transmitter powers for the downward
path given in Table I shows that, under the conditions assumed in the
caleulation, the relative minimum power levels for S5B, wideband FM
and PCM are 0dB, —7dB and — g dB respectively, The SSB level given
is the mean power exceeded for 1%, of the time; the peak envelope
power will be about 7 dB above this level.

Bandwidths occupied are 5Mc/s for SSB and soMe/s for FM and
PCM. The foMc/s PCM bandwidth assumes vestigial sideband trans-
mission of the spectrum resulting from bi-polar modulation of an RF
carrier, with 10%, bandwidth allowance for the vestigial edge. It assumes
that the signal components occupying a bandwidth of 1/1-3¢ where t is
the time occupied by one code element,

4.2 GROUND-TO-SATELLITE PATH
It is now of interest to examine the receiver input level requirements for
the ground-to-satellite path for both 2-station (trunk) and multi-station
uses,

An equivalent noise temperature for the satellite aerial and receiver
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of about 7 000"K is assumed, Lower temperatures than 300K are not
practicable in a satellite-horne recelving system which has its aerial
looking towards the carth, A satellite receiver with either a microwave
mixer or a travelling wave tube first stage might be expected to have a
receiver noise temperature, T, of about nine times this minimum (i.e,
2 700" K, corresponding to a receiver noise figure of about 10 dB) when
the receiving system equivalent noise temperature will be 3004 T, =
7000° K. The use of a low noise parametric amplifier first stage in the
receiver would reduce this to an equivalent noise of about 400K, but
since sufficient power is available from the ground transmitters to
operate at a receiver noise temperature of 3 000K, the additional com-
plication and the possible unreliability of present equipment associated
with these amplifiers is not favoured,

The thermal noise level at the satellite receiver input operating at

3000°K will then be 10 log 3_T§n= 19 dB higher than that appropriate

to a ground receiving system at 4o0°K.

This has been taken into account in the figures shown in Section 2 of
Table 1. In addition, the thermal noise allowance at the output of each
4ke/s channel on the ground-to-satellite path has been reduced to
— 60 dBmO (i.e, 1o dB reduction in absolute noise power, in comparison
with that specified for the satellite-to-ground path) as the latter trans-
mission is more difficult,

* In the case of FM, SSB and PCM without code regeneration in the
satellite, the total difference in input level between ground and satellite
receivers is 19+ ro= 29 dB, PCM with regeneration, however, shows an
advantage here in that the required increase is only 19+ 1=204dB since,
at the signal levels considered, a 1 dB increase in carrier-to-noise level
with this modulation system will result in a 10dB increase in §/N ratio
at the channel outputs after decoding, The powers piven under 2.1(h)
and 2.2(b} of Table I assume that no code regeneration occurs in the
satellite equipment, and these powers may therefore be reduced by o dB
if regeneration is in fact employed. .

It is worth noting that if the satellite power could be increased by
about 7dB then the ground station power may be reduced by 7dB
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relative 1o the levels shown in Table [. This applies to all three systems of
modulation and is a consequence of a different distribution of relative
noise contributions from each path.

The above discussion applies equally to trunk and multi-station opera-
tion. However, for the multistation case, the required ground-station
transmitter power and the occupied bandwidth are both reduced. Section
2.2 of Table I assumes 10 ground stations, each loaded with 120 chan-
nels, as the alternative to the trunk system case. Taking the 5SB case as
the basis of comparison, the required ground-station transmitter power
and the bandwidth occupied for the alternative modulation systems are
shown in Table IL.

Table 11

COMPARISON BETWEEN ALTERNATIVE
MODULATIONS —MULTI-STATION CASE

Adulstion ' Feclomire 1 lag (Relariee
Sroem Poer (dB) Bandwidih )
558 e L
FM s i 1 + 1o
PCM — 410

In reducing the number of channels by a factor of 10, the 558 and FM
power requirements have reduced by —8-5dB (the difference between
the 1 200-channel loading factor and that appropriate to 120 channels).
In the PCM case the power requirement is exactly proportional to the
bandwidth, which in turn is proportional to the number of telephone
channels. Thus, reducing the number of channels by a factor of 10 re-
duces the required power by 10dB. PCM has gained, on reducing the
number of channels, in comparison with the other two systems. In all
three systems the change in bandwidth has been proportional to the
change in the number of channels.

An important point to consider in connection with multi-station
working is the amount of scparation necessary between channels oc-
cupied by different ground stations which simultaneously engage a single
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satellite, in order to allow proper reception in the presence of out-of-
band emissions, frequency drifts and Doppler shifts.

The sidebands associated with FM and PCM emissions reduce grad-
ually at the edgzs of the nominal occupied bandwidth, and means will be
required to limit this out-of-band radiation to aveid unduly wide guard-
bands. In both cases the phase/frequency characteristics of the trans-
mission network must be highly linear. Doppler shift at the satellite re-
ceiver may amount to a maximum of about +30ke/s, and this may
either be allowed for in the guardbands provided, or correction could be
made before transmission. Continuous correction would, of course, be
necessary and could be predetermined (from a knowledge of the satellite
orbit) or automatic (by means of a satellite-to-ground pilot link).

In the case of FM and PCM it seems preferable to employ slightly
wider guardbands and so avoid the complication of frequency control.

The 55B case is different, in that the radiated bandwidth is precise. No
unwanted distortion of the multichannel signal occurs after transmission
through filters with sharp cut-off characteristics. Thus, individual chan-
nels, or groups of channels emanating from any ground station may be
stacked closely in the frequency spectrum, without having to provide
large puardbands. Again, these guardbands may either be made large
enough to accommodate equipment drift and Doppler shift (when pilot
carriers will be necessary) or Doppler correction must be applied at the
transmitter, as described above. The fact that 55B occupies only 1/10
of the bandwidth necessary for the accommodation of the wideband
FM and PCM emissions will, of course, make it easier to provide suitable
guardbands in the S5B case.

The relative bandwidth occupancy of the three systems is illustrated
in Fig.3, which shows a type of channelling arrangement which would
be suitable for trunk and multi-station working.

4.3 LINEARITY REQUIREMENTS
An acceptahle figure for total permissible intermodulation power into
any one channel at the output of the system is about — 54 dBmO un-
weighted. This could be divided into an allowance of —g7dBmO for
each path,
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In the case of 55B modulation it will b= necessary to maintain the
system amplitude linearity at this figure. All the equipment is involved
in this requirement (i.e, ground transmitter, both the modulator and RF
circuits, and satellite repeater (incleding demodulationg circuits if these
are provided} ). If S5B is employed for downward transmission also, then
the satellite modulator and RF amplifier, in addition to the ground re-
ceiver circuits, must be linear.

Phase linearity is not important for multi-channel telephony, but as-
sumes moderate significance for television relay work.

The above considerations apply to both trunk and multi-station work-
ing.

The achievement of the required linearity in a FM system will require
a system phase linearity corresponding to a group delay variation not
exceeding a few millimicroseconds. The amplitude linearity require-
ment is absent in the RF and IF path but the frequency response must be
good throughout, to avoid sideband distortion. The phase linearity re-
quirement applies to the whole of the system. In addition, whenever
modulation or demodulation ocours, there will be need for a high order
of linearity of the modulator and demodulator characteristics,

In the case of ground-to-satellite multi-station working, great diffi-
culty arises in passing more than one multichannel FM spectrum through
a common transmission path (e.g, through a common TF or RF amplifier
in the satellite repeater). In this instance, not only is a high degree of
phase linearity essential. but at the same time amplitude distertion must
not be excessive. Experiments in connection with two-way speech trans-
mission through a common repeater carried by the Telstar satellite have
already furnished some practical figures relating to intermodulation he-
tween at least two FM transmissions carried simultanecusly by common
repeater equipment on the satellite. The effect of loading a common
repeater with 10 such emissions can probably be estimated from the
results of these experiments.

In PCM systems linearity is unimportant and this applies to all parts
of the system, including modulator and demodulator stages. 1f the
method of carrving the code waveform via a radio frequency channel is
to generate RF pulses (hi-polar or otherwise} corresponding to the code
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1's and o's and to transmit the double side-band information, then phase
linearity of a high order is not necessary. VSB transmission of the RF
spectrum however will require a certain degree of phase linearity (de-
pendent upon the amount of overshoot tolerable), maintained over the
frequency band in the region of the vestigial cut-off. In general. this re-
quirement is not so severe as in the FM case, and may typically amount
to the need to hold the phase error to less than about §° over the RF
bandwidth.

Intermodulation between PCM telephone channels sharing a common
carrier on a time division basis (e.g, 120-channel transmission from one
of the ground stations) will result from pulse distortions which cause
energy transfer between one pulse interval and another. Usually this
inter-element interference will take place between digits adjacent in
time sequence, but multipath transmission with time delays of greater
than about 1/7% ;1S could cause interference with pulses further removed.
The latter condition is not expected to apply over a satellite path, but the
need to minimize adjacent inter-element cross-talk will still arise. This
effect is dependent upon the bandwidth shaping and phase linearity
characteristics of the transmission circuits between encoder and decoder.
Experiments show that pulse intermodulation is insignificant in a system
employing bandwidths of about 1/1-3t, when proper attention is paid
to phase linearity.

Quantizing noise is characte1istic only of PCM, and will appear at the
system output, even in a circuit in which coding errors are absent.

Errors in output due to the inability of the system to resolve amplitude
to better than one quantizing step cause a form of noise, the audible
effect of which is different from thermal noise, since it is more spiky in
nature. The magnitude of this noise may be reduced to any required
degree by providing a sufficient number of steps. A code which uses 7
binary digits to convey the amplitude of each sample will cater for 128
steps. In order to take care of the large variation in level encountered in
normal telephone circuits (of the order of 40dB), pre-coder amplitude
compression is necessary with expansion after decoding. Alternatively
(or additionally) the steps may be staggered in amplitude, the smaller
steps corresponding to the lower amplitudes.
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By the use of such methods it is found that a 7-digit binary code will
reduce quantizing noise to a barely noticeable level. Measured on a
power meter, the noise level is certainly below the C.CLT.T noise al-
lowance when a 7-digit system is properly set up, but its acceptance by
users must await the results of adequate subjective tests. Additionally,
the level of harmonic generation after compression, encoding, decoding
and expanding should also be the subject of further measurement.

The pulse code waveform may be regenerated at any point in the
system, and non-linear phase effects which might cause pulse distortion
are therefore not cumulative over several paths. This applies also to
noise of all kinds which may be removed by pulse regeneration. If either
of these causes of error are large enough (5o that in fact code errors do
occur) then of course these errors will be transmitted to the decoder at
the end of the system.

An important point o note in connection with pulse code systems is
that a comparatively large amount of intermodulation may be tolerated
between two code trains, which after modulation on to separate carriers
are passed through a common transmission channel. Intermodulation of
about —20dB relative to the amplitude of one of the carriers will not
cause significant errors in the correct recognition of other pulse trains
and therefore will not appear as cross-talk when decoded. For similar
reasons, the use of quadrature carriers modulated by separate code
trains, each carrying half the total information, is feasible. Double side-
band transmission would be necessary, and the bandwidth occupancy for
a given channel capacity would be about equal to that characteristic
of VSB transmission.

In respect of its characteristic tolerance of high intermodulation
levels, the pulse code system is more suited to ground-to-satellite mult-
station use than are either of the other two systems of modulation.

¢ EQUIPMENT CONSIDERATIONS
5.1 GROUND EQUIPMENT
g.1.1 FM Systems
Points of difference between line-of-sight link equipment and satellite
ground station equipment using FM are listed on the following page.
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Satellite ground equipment employs :

(a) Large tracking acrials :

{b) A low noise maser pre-amplifier ;

(c) Wide deviation (about +20Mc/s peak compared with about
+ 4 Mc/s peak for line-of-sight links) and a correspondingly wide RF
channel (c.g. soMc/s) ;

(d) * Frequency Following ' or feedback from the discriminator output
to control the frequency of the local oscillator ;

(¢) Transmitter power outputs in the microwave region in the power
range 1—10kW;

(f) Special baseband equipment with group demodulators, frequency-
corrected for Doppler differences over the buseband.

With the exception of the low noise wideband maser, which is a new
device fortunately available at a time when it is practically essential 10
the working of the system, the other components and techniques listed
above are extensions 1o known techniques.

The use of wide deviation implies improvements to such components
as modulators, phase-linear wideband amplifiers. and wideband radio
frequency components having low VSWR.

Frequency-following techniques have been known for some years, but
the requirement to provide a loop feedback of about 20dB over the
¢ Mc/s bandwidth employed in trunk working sets a difficult stability
problem. For 120-channel multi-station working, this amount of feed-
back has already been achieved over the necessary goo ke/s baseband.

The attainment, at a frequency of about 6 0oo Mc/s, of 20—30dB
more transmitter power than is required for line-of-sight links is a de-
velopment and manufacturing problem.

Baseband Doppler correction is a novel requirement but presents no
new problems in the field of electronic servo systems.

5.1.2 PCM System
In the case of PCM the ground equipment presents no great difficulty.
For trunk working the requirement is to provide a VSB transmitter of
about 300 W output power, which may be reduced to about 25 W for
multi-station working (assuming pulse regeneration is employed). Phase
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and amplitude linearity requirements are not stringent and are no more
difficult than those met in existing television broadcast transmitters.

Pulse code modulation is a fairly old idea, but until recently not many
multichannel equipments were made for commercial use, so that system
evaluation has not been extensively pursued.

£.1.7 55B Systems
The design of an 55B transmitter at these frequencies, with an output
power in the range 5§ —20 kW (mean) with a total harmonic distortion
fisure more than g7 dB below PEP over the §Mc/s baseband used for
trunk working, is a very difficult proposition indeed. The problem is
easier for multi-station working ; output powers in the range 1— 5 kW
mean are sufficient, and the basebandwidth occupies only o-g Mc/s.

£.2 SATELLITE EQUIFMENT
The attainment of that excellence of mechanical and electrical design,
which is necessary for an active communication satellite to operate
reliably and successfully in its predetermined orbit, is one of the major
achievements of world-wide engineering effart over the past few vears.
This discussion, however, is limited to consideration of the basic electri-
cal system design of the communication equipment within the satellite.

As in line-of-sight systems, there are two possible types of satellite
repeater—demodulating and non-demodulating.

The non-demodulating repeater is the simpler, since it performs only
two basic functions ; amplification, and frequency-shifting before re-
transmission. Either wideband RF amplification may be used through-
out, or the incoming signal may first be changed to an intermediate
frequency before being changed again to a different radio frequency.
Figs.4({a) and (b) show both methods of designing a non-demodulating
repeater. There is no fundamental difference in the satellite equipment
for either of the three modulation methods considered, although, of
course, the detailed characteristics differ with each. Further, the basic
design is the same for trunk or multi-station working.

The demodulating repeater is more complex since a larger number of
operations have to be performed. The basic design depends on the type
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of modulation employed, and may differ, dependent on whether trunk
or multi-station roles are envisaged. It is based on the principle of the
back-to-back receiver and transmitter shown in Fig.5.

For trunk working, there is no operational preference for the use of
either the demodulating or non-demodulating repeater. In this case, only
one FM or PCM or 55B emission has to be amplified and re-transmitted,
and there is no question of having to avoid inter-modulation between
radio frequency carriers, each with its own group of sidebands.

For multi-station use with FM or PCM, the repeater has to perform the
more difficult job of accepting several frequency-spaced carriers, and
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their sidebands, and re-ransmitting the information peculiar to each
carner.

The re-transmission of several FM signals from the satellite involves a
theoretical minimum power requirement about 2 dB greater than for
trunk working conditions, due to differences in loading factors. In addi-
tion, about 30% greater bandwidth is required to accommodate the
necessary guardbands.

In SSB systems there is no corresponding distinction between trunk
and multi-station use, since each 4 kc/s SSB emission is complete in itself
whether it originates as one of 120 or one of 1 200 channels. In the other
modulation systems considered, groups of sidebands around a single
carrier frequency carry the whole of the information from one locality.
Multi-station 55B working therefore, whilst requiring an amplitude-
linear receiver in the satellite repeater, gives a combined baseband out-
put which requires no reprocessing or reassembly before being applied o
the modulation input terminals of the satellite-toground transmitter.
Either FM or 55B could be used for the satellite-to-ground link, although
for the latter system, mean powers of up to 20 watts may be required,
with good linearity.

If a distortionless wideband amplifier were available for use in the
satellite (with frequency-shift to avoid feedback from output to input)
either trunk or multi-station traffic could be relayed at will. The received
signals on the ground would be subject to the double path Doppler shift,
but compensation for this could be simply applied.
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Because of the amplitude and phase non-linearity encountered in
practical amplifiers (e.g, in TWT's and IF amplifiers), hoth FM multi-
station and 55B (trunk and multi-station) systems are at a disadvantage
in comparison with PCM, which can stand a high level {(about —20dB)
of intermodulation between emissions carrying different coded informa-
tion. Problems associated with the use of a common wideband amplifier
are thus eased in the case of PCM.

For multi-station FM working, the type of repeater shown in Fig.6
offers a solution to the intermodulation problem. Here, separate IF
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Fig.6, Demoduinting satelfite repeater for multistation FM
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amplifiers are used, followed by individual demodulation of each FM
emission and re-grouping into a new FDM baseband signal before being
applied to the modulation input terminals of an FM satellite-to-ground
transmitter. This method seems very cumbersome and involves many
processes, including the difficult one of assembling a 1 2oo-channel
haseband from ten separate 12o-channel baseband proups. The number
of components required would make the equipment bulky and, with
present components, would result in an equipment reliability figure
which is probably unacceptable in commercial systems.

6 CONCLUSIONS

The choice of the best modulation system to suit a given situation
depends upon a number of factors. Consideration must be given to
power, bandwidth, linearity, flexibility, possibility of interference and
equipment complexity. In the face of this formidable list of factors, all
of which may influence the final choice of the method of modulation, it
is not easy to conclude that one particular system is better than another,
unless the particular circumstances of its intended use are specified.

From an examination of Table [, which gives relative power and band-
width requirements in various circumstances, it is evident that PCM is
economical in the use of RF power when high channel 5/N performances
are prescribed. This is achieved at the expense of bandwidth,

S5B, on the other hand, demands high power and also. by current
standards, very high amplitude linearity in all parts of the system. It
also shows up worst when considering the possibilities of interference
to and from the system. The main advantages of SSB are its flexibility
regarding channel assignment for ground-to-satellite multi-station
working, and its extreme bandwidth economy. In these respects it offers
equipment simplicity, and the ability to form a combined baseband
which is suitable for modulating the satellite-to-ground transmitter
from the separate emissions of many ground stations. Pilot carriers, ane
for each ground station, would ease the problem of Doppler correction.

Complications on the satellite arise in the FM case when multi-station
working is employed, since a multi-carrier problem exists which calls
for either separate demodulation of each carrier and re-grouping into a
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new FDM baseband, or for the use of wideband RF and IF amplifiers of
high linearity. The PCM case is similar, but the linearity requirement i
lower and the design problem of both the wideband non-demodulating
satellite repeater and of the ground equipment is eased.

Relative merits and difficulties associated with SSB, FM and PCM are
briefly summarized in Table I11.

If PCM is used on the upward path it is desirable, for reasons of equip-
ment simplicity, to use PCM on the downward path also. On the other
hand, upward transmission of S5B could be combined with downward
transmission of either 558 or FM, FM at present being the more practical.
FM in both directions is the third possihility.

P(M in both directions is attractive and offers good promise, but re-
quires equipment development and further assessment. Since a number
of PCM/VSB emissions may be assembled on a frequency-division basis,
and may be passed through a common amplifier of limited linearity,
multi-station operation using existing types of non-demodulating re-
peater equipment in the satellite should be possible.

SSB in the upward direction coupled with SSB or FM in the down-
ward direction has much in its favour and will undoubtedly be used in
some systems.

FM in both directions was in experimental use in the Telstar satellite,
and initial tests have shown a performance capability equivalent to 600
telephone channels. Duplex FM working has also been achieved. Exten-
sion of this to the multi-station case is a step which would be greatly ac-
celerated by the successful development of wideband non-demodulating
repeaters of adequate linearity which can handle a large number of FM
carriers simultaneously.

The multi-station concept of satellite communications opens up the
possibility of providing cheaper low-capacity ground installations. These
will be suitable for those regions where connection with the world tele-
phone network is highly desirable, but the traffic requirements are
limited. A 24 or 6o channel terminal would use an economical 3o ft
aerial and a parametric amplifier (instead of the more costly and elabor-
ate maser) thus presenting a more attractive proposition to the smaller




26 POINT TO POINT TELECOMMUNICATIONS « FEBERUARY 1963

References
1 W, ], Bear: 'Proposals for a Commonwealth/Eutope Worldwide Satellite Communication
System'. Memerandum of the UK Post Office Engineering Dept, robr.
2 W, Lo WicHT and 5 AL W, Jolurre: Satellite Communication Links', Point to Poeint
Telecommunications Vol. § No. 3 (me62).

BO2/02657



